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Method and Device for Processing Workpieces 
bv Means of High-Energy Radiation 
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The invention is directed to a method having the features of the preamble to Claim 1. 



A method comprising the aforesaid method steps is generally known. It is used, for 
example, for a form of welding processing of workpieces in which the process monitoring system 
performs keyhole monitoring of the processing site and a distance measurement is effected by 

means of the external measuring-light source in order to measure or regulate the distance between 

|j 

the processing optic and the workpiece. The light radiation emanating from the workpiece, 
specifically secondary or thermal radiation produced by the welding process, passes into the 
processing optic isoaxially with the high-energy or laser radiation and is decoupled there for the 
detector of the process monitoring system. However, distance measurement or contactless mapping 
with respect to the geometry of the workpiece is performed by means of receiving units installed 
outside the processing optic/l^easuring systems located outside the processing optic cause 
problems, however, due to the contamination of optical systems that occurs in an industrial 
environment, and they hamper the processing head, which is less readily accessible and cannot be 
used as well with complex ~ especially three-dimensional ~ workpiece geometries. In general, it 
can be stated that methods of workpiece processing involving on-line monitoring of the workpiece 
have heretofore been performed only with special systems tailored to the job concerned. 
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The object of the invention, by contrast, is to improve a method comprising the method 
steps cited in the introduction hereto in such a way that a combination of process monitoring and 
additional monitoring measurements can be performed on the workpieces. 
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This object is accomplished by means of the method steps recited in the characterizing part 
of Claim 1. It is of significance for the invention that the processing optic detects not only the light 
radiation used for process monitoring, but also the measuring light used for optical measurement 
that is reflected by the workpiece. This eliminates the need to install measuring systems for the 
measuring light on the measuring head or near the processing optic, such measuring systems being 
lens systems that^an become contaminated during industrial operation and can limit the range of 
application of the workpiece processing operation. 

The method is suitable for all types of laser-beam sources, for example CO2 lasers, 
Nd: YAG lasers and diode lasers. The method is also suitable for all kinds of materials processing 
employing high-energy or laser radiation, such as welding, cutting or coating. Owing to the 
integration of plural measuring methods into the area of the processing optic, the method is suitable 
for all types of process and quality monitoring, especially in the areas of tailored blanks and 3D 
contour processing. 

Integrating the measuring systems into the area of the processing optic has numerous 
advantages. Especially notable is compact construction in the region of the processing head. 
Components required for known methods are no longer needed. The result is a proportionate 
decrease in maintenance expenditure, since, for example, it is no longer necessary to clean 
additional optics. The procedures involved in processing a workpiece are simplified, since fewer 
structural components have to be attended to and the integration of the measuring steps simplifies 
analysis of the measurement results. The overall cost of the method is therefore decreased. 

The method can advantageously be realized so that the light radiation used for process 
monitoring and the reflected measuring light are detected, utilizing the same processing optic, 
isoaxially or approximately isoaxially with the light radiation or axially parallel thereto. Such 
detection ensures that the processing optic and hence the processing head can be used without any 
major changes of the kind made necessary by overly large angles or oblique lines of sight, for 
example widening of the hole in a hole mirror. 
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The method can be performed so that the first zone of the processing area is taken to be the 
region of an interaction zone, the second zone, encompassing the first, is taken to be the region of 
the melt, and the third zone is taken to be the processing area as a whole. These zones of a 
workpiece processing area exhibit typical characteristic curves for the light radiation and typical 
geometrical characteristics that can be used to influence process control. For example, in a given 
processing task the melt has a typical shape and dynamics that can be mapped optically to draw 
conclusions regarding disturbances of the process. 

The manner of proceeding is advantageously such that the sensing of different zones of the 
processing area takes place simultaneously. Performing all the measurement tasks simultaneously 
eliminates delays in the monitoring and control of the processing method, thus reducing the 
susceptibility to error of the processing operations. 

The method can be performed so that the light radiation used for process monitoring is 
secondary radiation from the interaction zone, and used as reflected measuring light is measuring 
light from regions of the processing area surrounding the interaction zone. Process monitoring by 
means of secondary radiation from the vapor capillary is a proven method, but it entails dealing 
with high light intensities and high intensity fluctuations. To preclude the resulting disruptions of 
the optical measurement that also must be performed - and, in particular, simultaneously - the 
light from the regions of the processing area surrounding the vapor capillary is used as reflected 
measuring light. It is preferred that such measuring light come from the third zone, i.e., from the 
portion of the processing area surrounding the melt. 

To enable the largest possible number of measurement tasks to be performed in the work 
area, the approach can be such that sensing of the processing area as a whole, i.e., the region of 
measurement, is performed by means of a detector with local resolution. The quality of the local 
resolution performed by the detector determines the multiplicity of such sites and the quality of the 
measurements. The detector can be realized in different ways to suit the needs of the welding task 
concerned. In contrast to averaging detectors, such detectors can also reliably detect variable 
processes taking place in the processing area, for example dynamic motions in the region of the 
melt. 



The method employing a detector that performs local resolution can be implemented so that 
all the sensors of the detector can read out for analysis the observation windows of at least two 
sensors forming zones of the processing area. Detectors with linearly arranged sensors are 
especially well suited for linear or planar seam geometries. Detectors with areally arranged sensors 
are preferentially suited for three-dimensional workpiece geometries. 

When detectors with a large number of individual sensors are used, large quantities of data 
must be processed in a short time if high readout rates are required for sufficiently fast process 
adjustment, for example in the case of on-line monitoring. This can place high demands on the 
efficiency of the process monitoring system and thus on the analyzing units. It is advantageous, 
therefore, to reduce the amount of data generated. To this end, the method is advantageously 
performed so that a detector having linearly or areally arranged sensors is used. For example, an 
observation window aimed at the vapor capillary and an observation window aimed at the finished 
seam are provided. The data from these windows can be analyzed at a high clock rate, so that even 
rapid process sequences can be analyzed reliably. 

The method described hereinabove can be improved so that observation windows are varied 
with respect to position and size on the basis of detector data and/or so that analysis of the results of 
optical measurement is suspended intermittently based on analytical data from the detector. For 
example, a window for determining seam tracking or seam mapping by the light section method can 
be limited to a few pixels around the seam. If, in this example, the position of the seam changes, for 
example due to a positioning error or an unstraight path, then the analyzed image of the seam from 
the window can be used to determine how the window must be shifted or enlarged so that the seam 
can continue to be tracked or mapped. The amount of data can also be reduced by not analyzing the 
results of simultaneous measurements. For example, it is not necessary to perform distance 
measurement, mapping of the workpiece geometry, mapping of the seam geometry or mapping of 
the melt as long as no errors are being detected by the process monitoring system. Only when the 
processing monitoring system does detect errors is one or more of the foregoing measurements or 
mapping operations carried out. 
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One basic problem is how to analyze process illumination simultaneously for more than one 
monitoring operation. A particular problem in this connection is that of distinguishing the 
measuring light being used for optical measurement from such light radiation originating, for 
example, as secondary radiation from the processing site on the workpiece. To eliminate this 
inconvenience, the device is realized so that the measuring light from the measuring-light source is 
amplitude-modulated at a fixed frequency. The modulation frequency used must be less than half 
the scanning rate of the detector. The detector signals can be analyzed frequency-selectively with 
respect to the modulation frequency by known signal processing methods, for example by fast 
Fourier transformation. The device can increase reliability in recognition of the measuring-light 
aperture through improvement of the signal-to-noise ratio. 

^ A further embodiment of the device can be realized in that the measuring light from the 

%y measuring-light source can be applied to different observation sites on the workpiece in temporal 
y succession with repetition at a high frequency. In particular, a circular shape or other desired shape 
\I for the measuring-light line on the workpiece can be produced by means of mutually aligned light 
Si spots or line segments, if these can be generated in succession on the predefined light path at a 
sufficiently high rate. To this end, for example, the measuring-light source itself can rotate or the 

~ measuring light can be deflected by rotating mirrors, especially in the case of circular deflection. 

y] 
n 

However, the problem of disruption of the optical measurements by the process illumination 
^* can also be solved by means of an embodiment of the device in which the detector has a dynamic 
range extending over plural decades of luminous or radiation intensity. Such a detector can be a 
CMOS camera, for example. 

The aforesaid problem can also be solved by means of an embodiment of the device in 
which disposed ahead of the detector is an optical filter system possessing characteristics that 
delimit the observation zones of the processing area. Such filter systems are provided with special 
filters whose filter characteristic is adapted to the observation-zone-delimiting functions to be 
performed in this case. Such filters include mere attenuating filters and wavelength-selective filters. 
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The indention is described with reference to the exemplary embodiments depicted in the 
drawing, wherein: 

Figs. 1 to 3 are diagrammatic representations of workpiece processing 

devices, 

Figs. 4a and 4b are views of the processing areas of a workpiece, 

Figs. 5a to 5f are diagrammatic representations explanatory of the 

arrangement and action of measuring-light sources, and 
Fig. 6a and 6b are diagrammatic representations explanatory of selective 

filters. 
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Figure 1 shows, as a rectangle, a housing 2 of a processing optic, consisting of a deflecting 
mirror 3 and a hole mirror 4, by means of which the laser radiation 1 is projected onto a workpiece 
20, the hole mirror 4 focusing the laser radiation onto a processing site 40 of a workpiece 20. The 
laser radiation 1 is of such high energy that a vapor capillary 22 forms in the workpiece 20 at the 
processing site 40 and causes the vaporization of work material, with the subsequent formation of a 
plasma 21. It is not absolutely necessary for a vapor capillary 22 to form at the processing site 40, 
i.e., in the region of the interaction zone in which the energy of the laser radiation 1 is coupled into 
the workpiece 20. The processing method can also be one in which the threshold of plasma 
formation is not exceeded. The workpiece 20 is moved relative to the laser radiation 1, so that, in 
the welding operation shown, a weld seam 24 is formed. A region of the melted workpiece 20 
surrounding the vapor capillary 22 is liquefied and is depicted as a melt 23. 

The heating of the workpiece 20 produces thermal radiation that enters the region of the 
processing optic as secondary light radiation. The axis of this light radiation is denoted by 10. It is 
predefined by the hole 41 present in the hole mirror 4. Since mirror 4 is realized as solid, for 
example as a solid copper mirror designed to reflect intense laser radiation from a CO2 laser, hole 
41 is cylindrical and its orientation with respect to processing site 40 affects the arrangement of axis 
10. As dictated by this axis, the secondary light radiation passes through an optical system 12 to a 
detector 11. 



In Figs. 2 and 3, a processing optic mounted inside the housing 2 consists of a collimating 
lens 5 and a focusing lens 6 disposed thereafter in the direction of the laser radiation 1. Between the 
two lenses 5, 6 is a dichroic mirror 7, 8 that has different transmission and reflection characteristics 
for light of different wavelengths. Dichroic mirrors lend themselves in particular to workpiece 
processing with Nd:YAG lasers. Dichroic mirror 7 of Fig. 2 reflects the laser radiation 1, but is 
transparent to light radiation coming from the workpiece 20. Lenses 5, 6 are accordingly disposed at 
an angle, as shown in the drawing, so that the horizontally emitted laser radiation 1 is deflected at a 
right angle to focusing lens 6, which focuses it on workpiece 20. Dichroic mirror 8 of Fig. 3, by 
contrast, is transparent to the laser radiation 1. Lenses 5, 6 are therefore arranged successively in the 
radiation direction of the radiation 1, enclosing mirror 8. It, however, reflects the secondary light 
radiation coming from workpiece 20, so that optical axis 10 is deflected according to the 
_ arrangement of mirror 8. In accordance with this optical behavior of mirrors 7, 8, optical system 12 
■J3 and the detector are disposed above housing 2 in Fig. 2 and to the left of housing 2 in Fig. 3. 

m 
yy 

N= Figures 4a and 4b show the processing area of the workpiece 20 in the direction of the laser 

fh radiation 1, but without the processing optic. A finished weld seam 24 adjoins the melt 23, in which 
w the vapor capillary 22 is located. Since different processes are taking place and different conditions 

s 

P are therefore present in the vapor capillary 22, the melt 23 and the finished weld seam 24, it is 
H advantageous to define zones that differ in a corresponding manner. The first Zone I of the 
2 processing area is considered to be the region of vapor capillary 22. The second Zone II is 
M> considered to be the region of the melt surrounding the first Zone I, and the third Zone HI is 

considered to be the region of weld seam 24 and the processing area surrounding or delimiting 
Zones I and II and weld seam 24. In practice, the processing area can have an edge length of a few 
centimeters. 

The processing area is observed by a single detector, which is located after the optical 
system 12 in the direction of reception of the radiation as depicted in Figs. 1 to 3. Such detectors 
possess linearly or areally arranged sensors that detect over a plurality of pixels. 
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Line or area sensors are Lreferably used for observation accompanied by local resolution. 
The radiation incident on one or more pixels is analyzed differently according to the sensor 

i lifferent locations in the processing area. Thus, sensors can be used 
to observe Zone II, and third sensors of the same detector to 



arrangement and is assigned to 
to observe Zone I, other sensors 



observe Zone EI. Individual on >s of these sensors can form windows that are assigned to only one 
sub-area of a zone. In particular, some of the sensors of detector 1 1 are assigned to observe Zone I 
in order to detect light radiatidn used for process monitoring, i.e., the secondary light radiation from 
the vapor capillary 22. Furthdr, at least one additional group of sensors is assigned to detect 
measuring light that is reflected by the processing area during an optical measurement. Figure 4b 
provides a representation of a light line 30 on the workpiece 20 in which the light line is projected 
in the shape of a circle. The center of the circle coincides with the vapor capillary 20 and is 
therefore defined by the portion of the optical axis 10. By means of line 30, the workpiece 
geometry can be tracked ah sad of the processing site 40 and in the region of the finished seam 24. 
For purposes of explanation, Fig. 4b shows a joint line 42 formed between two mutually abutting 
workpiece portions. If these workpiece portions do not fit completely snugly against each other, a 
pit is present and a "fraying" 43 of light line 30 can be seen, since the light is not projected onto 
workpiece 20 vertically to jthe plane of representation, but instead, for example as shown in Fig. 5a, 
at an angle to optical axis AO. In the region of weld seam 24, the "fraying" 43, which is an outward 
fraying in Fig. 4b, is located opposite a centripetally oriented concavity 44 of the circular light line, 
since the weld seam is elevated above the level of the workpiece 20. Different seam geometries 
therefore result in different light paths, for example in the presence of notches, seam convexities, 
seam concavities or holes. Similarly, mapping of the workpiece geometry ahead of the processing 
site 40 permits the detection of edge displacement or cracking, for example. 



Figure 4b further shows that the orientation 26 of workpiece 20 and the orientation 25 of 
detector 1 1 need not be the same, but instead can form an angle a. It is still possible to perform 

correct measurements, especially when a detector having areally arranged sensors is used, since the 
different orientations 25, 26 of detector 1 1 and workpiece 20 are known and can therefore be 
considered mathematically in the analysis performed by the detector. 
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Light line 30 depicted on workpiece 20 is produced by suitable projection by means of a 
measuring-light source 32 to 34. The projection is such that the optical measurements can be 
performed by the method of triangulation, for example in connection with the light section method. 
For triangulation to be performed, there must be an angle of less than 90 angular degrees between 
the direction of incidence of the measuring-light beam 31 on the workpiece 20 and the predefined 
optical axis 10. If a circular line 30 is to be made on the workpiece 20, this can be accomplished, as 
shown in Fig. 5a, by means of a pinpoint measuring-light source 32 projecting its beam 31 of 
measuring light as the envelope of a cone. This can be achieved, for example, by having the 
measuring-light source 32 project the beam 31 of measuring light through a dichroic mirror 
concentrically with the axis 10. 

Figures 5b and 5c also depict embodiments of measuring-light sources 33 that project 
circular light lines 30 onto the workpiece 20. The measuring-light sources 33 can, for example, be 
composed of ring lamps or a plurality of annularly arranged generators of spots or dotted lines of 
light, from which generators the beam 31 of measuring light is projected, as shown, as a double 
cone or the envelope of a truncated cone, i.e., with a decreasing circle diameter. 

Figures 5d to f show that the line 30 of measuring light on the workpiece does not 
necessarily have to be circular. Figure 5d shows an ellipsoid line 30 produced by a measuring-light 
source 32 disposed next to the housing 2 of the processing optic. In this case, the measuring light 
consequently is not emitted from the region of the processing optic 2, but instead, the measuring 
light reflected by the workpiece 20 is received utilizing the processing optic. Line segments are 
projected onto the workpiece 20 by means of the measuring-light sources 34. Such straight lines or 
line segments are adequate when only limited portions or windows of the processing area are to be 
monitored, for example transversely to the joint line 42 and/or to the finished weld seam 24. 
Defective joint lines 42 or weld seams 24 cause the measuring light to be reflected in a manner that 
deviates from the ideal shape, i.e., from circularity or linearity. When a circle or an ellipse is being 
projected at known angles of projection, the distance between the workpiece 20 and the processing 
optic can be calculated by determining diameters of the lines on the workpiece 20. 



12 



• „ lioht sources 34 can also be arranged inside the 
Figures 5ea*d5f show mat the me«^^ 

• f thP nrocessine optic or outside said housing. Exemplary 
nousi ng 2 in ft. re^on of d. P« 2 ^ ^ „ Rgs . , t0 3. FiguI e 

1 ^TZ^^a m L F o j ec Bte .a m 3 1 o f — UgbUnro-e 
measunng-ught source 34 j on ^ slde 



mirror 4. 



pntofFie 2 ^ are two measuring-light sources 34 arranged in a 

through dichroic mirror 7 into detector 11. 

/ ■ „u«ht contra 34 that is disposed inside 

addition to process monitoring. 

• v^t r^iation bv means of the above-described single 
anaiysis of the measunng-hgn, — * ^ ^ 

ae.ec.orU.wrdchca.bereaJizedfo.exarnp.ea.aCCDca^^ P ( 

ana.yUcal needs. For exampte, process monitoring can be performed by an* g 

1 n 



radiation at one or more points in the region of Zone I. This can also include analysis of the 
temporal means, such as the temporal behavior of the amplitudes of the pixels or even groups of 
pixels. 

With regard to process monitoring, all known monitoring methods can be performed as 
usual, such as plasma monitoring, detection of root penetration, weld depth measurement, 
measurement of capillary geometry, etc. In these forms of process monitoring of the light from the 
workpiece, i.e., the emitted or reflected radiation, high radiation intensities and luminosities are 
normally encountered. This must consequently be taken into account in detecting the measuring 
light reflected by the workpiece 20, which light does not possess such" luminosity. The detector is 
therefore preceded by the optical system 12, consisting of filters or lenses that are able to separate 
the light from Zone I from that of Zones II and DI, unless the detectors used have a high dynamic 
range and do not require such separation. 

Figures 6a and 6b show special filters with filter characteristics that depend on the filter 
radius r. Figure 6a shows a neutral filter that is depicted as an attenuating filter. Its transmission rate 
increases from the inside outwardly. It therefore allows little light to pass near the midpoint of the 
radius, thus screening out the bright luminous radiation from Zone I. Large radii, on the other hand, 
have a higher transmission rate of up to 100%, so that even comparatively dark measuring light can 
be detected. Figure 6b shows a color filter that has a different transmission rate for different 
wavelengths of light. For instance, using small radii the filter transmits only light of the wavelength 
XI, whereas with larger radii it transmits only light of the wavelength X2. Hence, the measuring 
light can be light of wavelength X2 that is different from the wavelength A2 of the light from Zone 
II, and the different qualities of light therefore do not disrupt analysis of the measurements, even in 
the case of simultaneous analysis. 
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